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Abstract r 

Severe combined immunodeficiency (SCID) cagsed'by 
. adenosine deaminase deficiency (ADA-) is the first ge- 
netic disorder to be treated with gene therapy. Since 
1990 when the first trial starred for 2 patients with ADA- 
SCID, five clinical trials enrolling 11 patients have been 
conducted with different clinical approaches and the 
results obtained from these trials have recently been 
reported According t&th~e^re^ 
transfer was • useful in^the. r ttrcatment^pf ADA- SCID 
whereas the retroviral-mediated gene transfer to hema- 
topoietic stem cells was insufficient for achievement of 
clinical benefits. This chapter reviews several crucial 
problems inherent in the current retroviral technology 
based on the clinical data observed in these pioneering 
ADA gene therapy trials and presents our new retroviral 
vector system for the next stem cell gene therapy. 
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Introduction 

Advances in molecular biology for the last 3 decades 
have demonstrated the feasibility of a human gene thera- 
py approach in which the introduction of a therapeutic 
gene could correct patient cell function and mitigate dis- 
ease [1]. Since 1983 when the first successful gene transfer 
with a retroviral vector to murine hematopoietic cells was 
reported [2], a number of experiments using murine 
hematopoietic stem cells have been conducted to assess 
the possibility of human stem cell gene therapy. In recent 
years, murine in vivo studies have shown that recombi- 
nant murine retroviruses are able to infect murine hema- 
topoietic stem cells with high efficiency and sustain a 
long-term expression of the transduced gene [3]. By ex- 
trapolating the success of these murine studies, it was 
believed that human stem cell gene therapy would soon be 
applicable to treat a wide variety of congenital or acquired 
human diseases such as cancer and acquired immune 
deficiency syndrome (AIDS), Since the first clinical gene 
therapy trial started in 1990 for 2 patients with adenosine 
deaminase deficiency (ADA-) [4], many clinical trials 
using human hematopoietic stem cells have been per- 
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formed. However, results obtained from these trials re- 
vealed that such an extrapolation was not justified [5, 6]. ' 
The transduction efficiency in human hematopoietic 
stem cells was disappointingly low and sustained long- 
term expression of the transgene was not observed. Fur- 
thermore, some patients mobilised immune responses 
against the dominant selectable markers which could 
eliminate the cells expressing a therapeutic gene [7, 8]. ' 

Here we will highlight the problems inherent in the 
current retroviral technology by discussing gene therapy 
clinical trials for ADA- severe combined immunodefi- 
ciency (SOD). We will also present our new strategy 
including new retroviral vectors for the next clinical trial. 

ADA Deficiency 

ADA (EC 3,5.4,4) is a critical cn?.ymc in the purine 
salvage pathway catalyzing the conversion of adenosine 
and deoxyadenosinc to inosine and deoxyinosinc, respec- 
tively [9]. The catalytic activity of the enzyme resides in a 
single polypeptide encoded by a locus on the long arm .of 
human chromosome 20. Molecular weights of 38,000- 
44,000 daltons have been reported. for the polypeptide. 
The absence of ADA activity leads to an accumulation of 
deoxyadenosinc which is converted to the phosphorylated 
form (deoxyadenosinc triphosphate, d ATP) in vivo. Since 
lymphocytes, and thymocytes in particular, are very sensi- 
tive to the toxic effects of dATI\ inherited deficiency of 
ADA impairs the function of the immune system result-, 
ing in SCJD characterized by severe T lymphocyte dys- 
function and agammaglobulinemia. The current curative 
treatment of choice for ADA- SCID is bone marrow 
transplantation (BMT) from HLA-idenlical siblings, 
which restores more than 90% of the patients to complete 
immune function [10]. However, less than one third of the 
patients have access to an appropriate donor and BMT 
from haploidcntical donors (the patient's parents) is gen- 
erally less successful. An alternative is enzyme replace- 
ment using polyethylene glycol-modificd bovine ADA 
(PEG- ADA), which leads to improvement of lymphocyte'- 
count and function [11]. PEG-ADA is considered to be a 
life-saving, but costly, therapeutic option for patients that 
do not have an HLA-matched donor. However, a few 
patients have been unresponsive to PEG-ADA and devel- 
opment of an antibody against the bovine peptide has 
often been described. ' 
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Gene Therapy Clinical Trials 

A number of rational reasons have made ADA- SCID 
the first target disease of gene therapy. First, ADA. defi- 
ciency is the most extensively studied of all the congenital 
immunodeficiency diseases because the genomic and 
cDNA sequences encoding ADA were identified early 
[12-15] arid the function of the enzyme is well under- 
stood. Second, tighi regulation of ADA expression is not 
necessary to restore the patient's immune functions and 
suppress adverse effects because patients with 10% of nor- 
mal ADA levels do not show any apparent immune 
impairments (16). Conversely, kindred with ADA activity 
greater than SCVfold above normal have only a moderate 
hemolytic anemia [17]. Third, genetically corrected cells 
should have a selectable growth advantage over the non- 
transduced cells in vivo. Fourlh, expression of exogenous 
ADA will restore the patient's immune function as dem- 
onstrated in the PEG-ADA replacement therapy. 

In 1990 Blaesc's group [18] at the National Institutes of 
Health (N1H) performed the first clinical gene therapy 
trial for 2 patients with ADA- SCID. In the pioneering 
trial they adapted the patients' peripheral T lymphocytes 
as a target cell population based on two important find- 
ings. First, preclinical artcmpts to use hcmacopoictic stem 
cells in a nonhuman primate model system prior to the 
irial resulted in only lovv-levcl, transient gene expression 
and proved to be insufficient for clinical use [1 8]. Second, 
the only surviving donor cells present in somc.paticnts 
cured by allo-BMT were observed to be T cells [19]. In the 
trial, patient peripheral lymphocytes obtained by aphcrc- 
sis were stimulated with the intcrleukin-2 (II. -2) and ami- 
CD3 antibody (OKT3) for 72 h, transduced with the 
retroviral vector LASN containing the ADA gene, ex- 
panded >50-fold, and infused back into the patients. The 
patients received a total of 1 1-12 infusions of autologous 
genetically corrected lymphocytes over 2 years. As a 
result, immune functions in both patients improved to 
levels which had been not observed during the period of 
PEG-ADA-only treatment and have remained stable 
more than 4 years; sincc*?lhe discontinuation of gene 
. therapy. 

The success of this pioneering research encouraged us 
to stan the first clinical Japanese gene therapy trial for an 
ADA- SCID boy following the identical protocol used in 
the NIH trial [20]. The Japanese study allowed an addi- 
tional opportunity to evaluate the efficacy and safety of 
peripheral T lymphocyte-directed gene therapy for ADA- 
SCID: The patient was a 5-year-old boy diagnosed with 
'delayed-onset* ADA- SCID at 12 months of age. Since no 
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Fig. 1 .'Clinical course of the Japanese ADA- SCID patient before and after gene therapy. 'Die paiicnt received a total 
oflO infusions of genetically corrected autologous T lymphocytes over 1 8 months. The first infusion was in August. 
1 995 (protocol day 0) and the last (the 10th infusion) was in March 1997 (protocol day 462). PfcG-AlM therapy was 
initiated at 15 months of age. The lymphocyte couni is indicated by the solid line and the CD4/CD8 ratio was 
measured using the patient's peripheral lymphocytes before infusion. ADA enzyme activity shown by solid bars is 
expressed as nnnomolcs of inosine and hypo^anthinc produced pcT minulc by 10" cells. Arrows show replacement of 
I viO after gene therapy. The patient received lg replacement (2.5 g) monthly before $ene therapy. 



suitable bone marrow donor was available, PEG-ADA 
treatment was initiated at 15 months of age. Despite con- 
tinuous PEG-ADA treatment, however, his scrum Ig lev- 
els remained below normal' and lymphopenia recurred, 
during the second year of enzyme replacement. The 
patient had received a total of 10 infusions of genetically 
corrected peripheral lymphocytes over IS months (fig. 1). 
After initial fluctuation, the patient's T ccll counts stabi- 
lized in the normal range and have been sustained over 12 
months after cessation of the in Fusions. Progressive inver- 
sion of CD4/CD8 has been observed since the 4th infu- 
sion due to an increase of the absolute CD8+ cell count.- 
Tins phenomenon is thought to be the result of preferen- 
tial proliferation of CD8+ cells during in vitro culture and 
transduction. The patient's cell-associated ADA enzyme 
activity increased from barely detectable before treatment 
and remained at half of the values found in peripheral 
mononuclear cells of his heicrozygous carrier mother. The 



interval between intravenous Ig (1VIG) infusions which 
had been given monthly before gene therapy was widened 
and eventually stopped at the 8th infusion, Despite this, 
the patient's scrum lg levels gradually increased and have 
remained normal over 1 year without additional IVIG 
treatment. The frequency of integrated provirus in the 
patient's peripheral blood has remained stable at 15% 
(CU-0,2% proviral copies/cell) since the 4th infusion. 
Eleven months after beginning gene therapy, the patient's 
isohemagglutinin titers (IgG) increased from undetectable 
to I; 16 and delayed hypersensitivity skin tests, a measure 
of T cell function, became stronger. The patient, has 
gained 3 kg in weight during this trial. He is still receiving 
periodic PEG-ADA replacement and is attending a public 
school with isolation precautions. 

Together with the observation made in the NIH trial, 
our trial strongly indicates that T lymphocyte-directed 
gene therapy is a viable addition to treatment options to 
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be considered for ADA- SCID patients without suitable 
bono marrow donors. However, it should be noted that 
.periodic monitoring and further infusions of genetically 
corrected T lymphocytes are expected to be required in 
the future to. keep the patient's immune function normal 
due co the finite life span of T lymphocytes. Furthermore, 
these repeated infusions may induce host immune reac- t 
tions as reported in other patients/ resulting in elimina- 
tion of the successfully transduced cells in vivo [8], 

From this perspective, stem cell gene therapy is the 
most attractive for ADA- SCTD since only one infusion of 
genetically corrected stem cells may restore the patient's 
immune functions as demonstrated by allogeneic BMT. 
Three trials have been undertaken to assess the possibility 
of treating ADA- SCID patients by correcting hemato- 
■' poietic stem cells. Brodignon's group [21] transduced the 
patient's bone marrow cells as well as peripheral lympho- 
cytes with two different ADA vectors and reported rapid 
improvement of the . patient's immune functions after 
gene therapy. Interestingly, while the peripheral lympho- 
cytes which had been transduced with the ADA gene ini- 
tially supplied the peripheral functional T cell population, 
they were later replaced by. cells derived from the trans- 
duced bone marrow cells. This suggests that the genetical- 
ly modified hematopoietic stem cells are able to give rise 
to functional mature cells. On the other hand, the results 
obtained from two other trials were unsatisfactory. The 
European group using CD34+ cells from bone marrow as 
a target cell population reported that the transduction effi- 
ciency was disappointingly low and the transduced cells 
could be detected only within 6 months [22]. This group 
emphasized the importance of myeloablation in stem cell 
gene therapy. Kohn's group [23] started gene therapy 
using CD34+ cells obtained from cord blood as a novel 
target cell for the treatment of acquired diseases such as 
cancer, HIV infection, and congenital disorders! Although 
cord blood proved more susceptible.for efficient retrovi- 
ral-mediatcd gene transfer compared with bone marrow, 
ii was clear that significant advances were still needed in 
gene transfer and expression technology to achieve clini- 
cal benefits [24], 

Improved ADA Retroviral Vectors for 
Clinical Trials 

A number of efforts have been directed toward the 
identification of factors regulating hematopoiesis and re- 
trovirus infection including improving retroviral vector 
constructs and packaging cell lines. Knowledge obtained 



from these trials has been applied in clinical trials. In this 
study, wc made new ADA retroviral vectors that are more 
effective than LASN/PA3I7 currently used in clinical 
trials by removing dominant selectable markers and by 
using different packaging cell lines [25]. 

Retroviral Vector Constructs 

A number of considerations was incorporated into 
newly constructed vectors (fig. 2a). Firsr, the vectors were 
simplified' by removing dominant selectable markers 
since proteins of nonhuman origin sometimes induce 
strong host immune reaction. Second, the vectors have a 
splice acceptor sequence to allow production of subge- 
nomic RNA which can be translated with high efficiency.. 
Third; the ADA cDNA was cloned into the vectors such , 
that the ADA translatipnal start site was at the precise 
location of the env translational start site used in the wild- 
type virus. Fourth; a series of vectors containing different 
LTRs were engineered to compare the levels of expression 
from the LTRs in relevant target cell populations (fig, 2b). 
The LTRs chosen were from Molony murine leukemia 
virus (MLV), myeloproliferative sarcoma virus (MPSV) 
and SL3-3. MPSV or SL3-3 is known to he a strong pro- 
moter/enhancer unit in immature cells such as hemato- 
poietic progenitors or T cell lineage, respectively. These 
vectors were compared with LASN which has ADA 
expressed from the MLV LTR and neo-driven by the 
SV40e promoter [26]. All the vectors were packaged in the 
PG 13 packaging cell line with the gibbon ape leukemia 
virus envelope [27]. 

Limiting dilution and RNA dot blot analysis [28] 
allowed identification of the highest titcrcd PG 13 clones 
for LASN, MLV, MPSV and SL3-3. The clinical vector 
PA3 1 7/LASN was used as a control. The relative titers of 
these clones estimated by the RNA dot blot analysis and 
G418 selection arc as follows (from lowest to highest): 
PG13/ADA(MLV) > PA31 7/LASN (1 x l0 4 CFU/ml on 
HeLa cells), PGl3/ADA(SL3-3), PG13/LASN (4 x 
10 5 CFU/ml on HeLa cells), and PG13/ADA(MPSV). 
Souihcrn : blot analysis of all the retroviral producer cell 
clones revealed full-lenght proviral integrants, suggesting 
no gross rearrangements or deletions. 

Transduction to ADA- Patient *s Hematopoietic Cells 
To assess the ability of these clones to transduce the 
ADA gene into the patient's primary peripheral lympho- 
cytes, peripheral mononuclear cells isolated from an 
ADA- SCID patient by apheresis were transduced with 
equal volumes of virus supematants from these clones 
after prestimulation with OKT3 and rIL-2 for 4 days to 
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cytef^\rr el, t in ^ P^ral lympho- 
eyres (fig. 3), Consistent wth the PCR Hits rrn; 
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vector PA 3 1 7/LASN (table 1 ). 
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■ It is very clear that current retroviral technology needs 
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to mc treatment of fatal disorders including concenital : 
.mmunodeficiency and cancer. Nonetheless thcSS 

tos for the treatment of numerous diseases are great 
With efforts to analyze human hemopoiesis and im 

will have a significant clinical impact in the near future. 
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